A high magnetic field is a useful tool to control the crystal alignment of nonmagnetic materials such as metals, ceramics and polymers. However, the uniaxial alignment of hexagonal crystals with a magnetic susceptibility of c < a cannot be achieved under a static magnetic field, because the c-axis could lie along any arbitrary direction in the plane perpendicular to the direction of the magnetic field. For the uniaxial alignment of these materials, the imposition of a rotating magnetic field during a slip casting process has been proposed.
Introduction
Crystal alignment control is one of the most important factors for improving the physical and chemical properties of polycrystalline materials with an anisotropic lattice structure. [1] [2] [3] [4] The alignment control has been investigated using various methods such as tape casting, pulse current pressure sintering and self-organization. However, it is difficult to obtain highly and uniformly aligned large-sized materials using such processes. On the other hand, the crystal alignment of a diamagnetic material has been obtained experimentally under a static high magnetic field [5] [6] [7] [8] [9] [10] or the simultaneous imposition of a static high magnetic field and sample rotation [11] [12] [13] [14] [15] [16] [17] [18] [19] (rotating magnetic field) during a slip casting process.
In this study, a theoretical analysis has been conducted and a model experiment has been performed for the elucidation of the crystal alignment phenomena under a rotating magnetic field and for the quantitative clarification of the optimum operating parameters such as the magnetic field strength and the viscosity of the medium surrounding the crystals.
Crystal Alignment under Magnetic Field
The principle of crystal alignment of a nonmagnetic material under a magnetic field is explained from the perspective of magnetization energy. When a nonmagnetic material is submerged in a magnetic field, the magnetization energy U is approximately given by
where 0 is the magnetic permeability in vacuum, V is the volume of the material, ? is the magnetic susceptibility of the magnetic hard axis, Á is the difference in the magnetic susceptibility between the magnetic easy axis and the magnetic hard axis, H is the intensity of the imposed magnetic field and is the angle between the magnetic field direction and the magnetic easy axis. The magnetic torque acting on the substance is given by the differentiation of U with respect to as follows:
Thus, the crystal under a magnetic field rotates in order to reduce the magnetization energy so as to be in a stable conformation.
In the case of imposing a magnetic field on a spherical crystal, which is surrounded by a viscous liquid medium, the alignment behaviour of the crystal is given by the following differential equation:
where is the crystal density, r is the crystal radius and is the viscosity of the surrounding medium. In the case that the particle size is small, the inertial term can be neglected. Then, the temporal variation of is derived from eq. (3) as follows:
where 0 is the initial angle between the direction of the magnetic field and the magnetic easy axis of the crystal and S is the relaxation time for the crystal alignment under the static magnetic field 20) (hereafter, denotes the 'alignment time').
Let us consider the magnetic alignment of a crystal with a hexagonal lattice structure. The relationship between the imposed magnetic field and the magnetically stable direction of the hexagonal crystal is summarized in Fig. 1 . For a magnetically anisotropic crystal with the relation a < c , the magnetization energy is the lowest when the c-axis of the crystal is parallel to the direction of the magnetic field (U c < U a ). Therefore, the c-axis of the crystal aligns parallel to the direction of the magnetic field ( Fig. 1(a) ). On the other hand, the a-axis of the crystal aligns parallel to the direction of the magnetic field for crystals with the relation c < a (U a < U c ). Therefore, with regard to the magnetic susceptibility of such a crystal, it is difficult to control the c-axis alignment under a static field ( Fig. 1(b) ).
Analysis of Crystal Alignment Behaviour under Rotating Field
It has been experimentally proven that the uniaxial alignment of a crystal with the magnetic susceptibility of c < a can be obtained under a rotating magnetic field or by rotating the sample under a static magnetic field. We now define a system, as shown in Fig. 2 , in order to analyze this phenomenon. A spherical crystal, whose magnetic anisotropy is c < a , is surrounded by a medium under a rotating magnetic field Hð!Þ. The equation of the change is described by the following two simultaneous differential equations:
where ! is the angular velocity of the rotating magnetic field and ' is the angle between the c-axis and the x component.
From eqs. (6) and (7), the alignment behaviours can be classified based on s as follows.
3.1 S ! 1 (HðtÞ ! 0 and/or ! 1)
For S ! 1, the right-hand term of eqs. (6) and (7) could be zero.
Then, ðtÞ and 'ðtÞ are given by the constant values for this limit. The boundary conditions are ¼ 0 and ' ¼ ' 0 (initial angles); the resulting solutions are then given as
It is understood that when the magnetic field is very small and/or the viscosity of the medium is very large, the magnetic field cannot supply sufficient torque to the crystal; subsequently, the angles and ' do not vary from their initial states.
3.2 S ! 0 (HðtÞ ! 1 and/or ! 0)
In this case, the left-hand term of eqs. (6) and (7) becomes zero.
Equation (13) gives the following solution:
Hence, the angle '' À !t' is always maintained at =2 rad. eq. (12) then becomes
Therefore, Equation (12) holds for all values of . In such a case, it is impossible to achieve crystal alignment because there is no -component magnetic torque acting on the substance. 3.3 0 < S < 1 In the case that the crystal synchronously rotates with the magnetic field, the following relation holds true:
The integration of eq. (16) with respect to t gives
Here, is the integration constant. Equation (7) can be rewritten in terms of as
is then given by
Hence, the synchronous condition is given as S ! < 0:5; otherwise, it can be step-out. Substituting eq. (17) into eq. (6) gives the differential equation under this condition.
It can be integrated with respect to t and this gives the temporal variation of the angle :
Here, the boundary condition is ¼ 0 at t ¼ 0. The angle decreases monotonically with time except under the initial condition 0 ¼ =2. R denotes the alignment time for the crystal alignment under a rotating magnetic field in the synchronous mode. The optimum operating condition is S ! ¼ 0:5, and in this case, the alignment time is twice of that under the static field ( R ¼ 2 S ). The differentiation of R with respect to H, and ! gives the following equations:
The alignment times S and R , which are calculated from eqs. (5) 
Experimental
We have performed the following model experiment to verify the analytically derived relation among R , H and of the medium. A schematic view of the experimental apparatus is shown in Fig. 5 . An acrylic vessel (inside diameter: 20 mm, height: 40 mm) was filled with 4 mL of glycerine solution and placed on a rotating platform set at the centre of a bore in a superconducting magnet generating a horizontal static magnetic field. The viscosity of the glycerine solution was 5 PaÁs. The magnetic field and mould rotation were simultaneously imposed on a polymeric fibre 
Synchronous
Step-out (d ¼ 0:235 mm, l ¼ 8 mm) after it was placed in the vessel. In this case, the added mass effect due to the non-spherical object shape in eq. (3) is negligible. The alignment behaviour of the fibre was recorded by a high-speed video camera to evaluate the angles and . The magnetic susceptibility of the fibre was previously measured by a vibrating sample magnetometer (VSM). The resulting data are presented in Table 1 . The magnetic easy axis is in the radial direction, and the value of the magnetic anisotropy Á is 2:7 Â 10 À6 [-] . The experimental conditions and the theoretical alignment time obtained using eqs. (5) and (22) are listed in Table 2 . Figure 6 shows the time variation of the orientation of the fibre. The upper and lower halves of each image show the top view through the reflecting prism and the side view of the sample, respectively.
Results and Discussions
In the case of imposing a magnetic field of 4 T (Fig. 6(a) ), the long axis of the fibre becomes almost parallel to the axis of the rotating magnetic field within 10 s. The alignment time is prolonged when the strength of the magnetic field is increased (Fig. 6(b) ), and in the case of a magnetic field of 6 T, the alignment is not achieved even after 20 s of the imposition of the magnetic field and rotation (Fig. 6(c) ).
The time variation of (¼ ' À !t), obtained from Fig. 6 , is illustrated in Fig. 7 . The alignment in the first four seconds of the imposition of the magnetic field is in the step-out mode because of the change in . After 4 s, becomes constant and the alignment behaviour changes from the step-out mode to the synchronous mode. magnetic flux density, and these experimental results quantitatively agree with the calculated ones.
Conclusion
In this study, a theoretical analysis has been conducted and a model experiment has been performed for elucidating the crystal alignment phenomena under a rotating magnetic field. It has been analytically found that the alignment time decreases with the magnetic field strength and/or with an increase in the viscosity of the surrounding medium. This relation is in contrary to the case of the crystal alignment under a static magnetic field. The result of the model experiment agrees well with that obtained by the theoretical analysis. 
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